We developed a polarization-controlled, single-transverse-mode, photonic-crystal, vertical-cavity, surface-emitting laser ͑PC-VCSEL͒ by introducing elliptical air holes in the top mirror. The polarization-controlled PC-VCSELs show polarization extinction ratios of over 29 dB. The origin of the polarization stability is explained by the asymmetric polarization mode profile and the asymmetric current injection profile.
The polarization behavior of vertical-cavity surfaceemitting lasers ͑VCSELs͒ is difficult to predict and control due to their inherent symmetry. The polarization of a VCSEL tends to randomly follow one of the crystal axes and fluctuates with current. For applications such as 10-Gbit/s-class high-speed modulation 1 and free-space interconnect using polarization-dependent optical components, a pinned polarization gives better performance. Various methods have been developed for polarization control in VCSELs, including the use of a misoriented substrate, 2,3 asymmetric cavity, 4, 5 or polarization selective mirror. 6, 7 However, these approaches still have room for improvement.
In this study, we investigated polarization-controlled, photonic-crystal VCSELs ͑PC-VCSELs͒ with elliptical air holes, which produces a circular beam with standard substrates in a relatively easy fabrication process. PC-VCSELs are similar to standard VCSELs, except that they have a PC pattern defined by air holes in the top mirror region, as shown in Fig. 1͑a͒ . 8 The triangular PC structure has a single central defect, as shown in the inset of Fig. 1͑b͒ . The higher effective refractive index of the defect region in comparison to its surroundings induces a wave-guiding effect. We have previously shown that PC-VCSELs are good singletransverse-mode light sources; 8 however, their polarization characteristics are unstable, as is evident in the polarization resolved inductance-current (L -I) curves shown in Fig.  1͑b͒ . The polarization transition occurs at a different current value for every measurement; the unstable nature of the polarization may be ascribed to spatial symmetry. In an attempt to break the symmetry of the PC-VCSEL, we modified the circular air holes into elliptical air holes.
The polarization modes of the PC-VCSEL with elliptical air holes were calculated using the finite-difference timedomain ͑FDTD͒ method. 9 In these calculations, the distributed Bragg reflectors ͑DBRs͒ were simplified as two perfect mirrors, and half-drilled air holes were substituted for the extended dielectric posts, as shown in Figs. 2͑a͒ and 2͑b͒ . The index of the extended dielectric posts is assumed to be smaller than that of the background dielectric by 0.015, which was carefully chosen in order to obtain the condition for a single fundamental mode. In our FDTD calculations, only the six posts surrounding the central defect were used to obtain the mode pattern. This can be justified by considering the mode profile, which is strongly confined near the central region. The longitudinal cavity length of the model was set to 1.5 to save the computation time. The Beringer perfectly matched layer was used as the boundary condition at the periphery of the model. 10 The dipole sources were polarized parallel to the xy-plane. This direction of polarization represents the polarized emission from a quantum well of the VCSEL. The initial electric field excitation along x and y directions shown in the inset of Fig. 1͑b͒ is given by
where n is the time step, n 0 is the delay time step of the pulse peak, is the time constant, and is the center angular frequency of the excitation. To guarantee the numerical stability of the arbitrary spatial mode, ⌬t is determined from the condition
where ⌬xϭ⌬yϭ⌬zϭ⌬ϭa/L are the cell dimensions; therefore, ⌬t is chosen to be a/(2Lc and c is the speed of light in a vacuum. The dipole radiation source is aligned along the x axis for the x-polarized mode and along the y axis for the y-polarized mode in order to calculate the polarization modes separately.
The calculated x-and y-polarized modes are shown in Fig. 3 , where the elliptical posts are indicated as white lines. Each configuration of polarization and post orientation gives rise to a different intensity profile. Comparison of Figs. 3͑a͒ and 3͑b͒ shows that the field spreads out more along the lines A-AЈ and B-BЈ for the y-polarization mode than for the x-polarization mode. In Figs. 3͑c͒ and 3͑d͒ , the field profiles are elongated perpendicular to their polarization directions. In other words, the introduction of elongated air holes causes the modes to show spatially asymmetric profiles. This opens up the possibility of controlling the polarization by manipulating the spatial gain profile. For example, if the carrier density is higher in the region between A and B ͑or B and C͒, as shown in Fig. 4 , the y-polarization mode will have better overlap with the gain profile than the x-polarization mode. On the other hand, if the carriers are concentrated in the central region, the x-polarization mode would be preferred.
To demonstrate this, we constructed PC-VCSELs with elliptical air holes. The wafer and fabrication processes used were essentially the same as those described in Ref. 8 . For current limiting, an implant aperture of diameter 13 m was used. The spacing between air holes was 5 m and the dimensions of the elliptical holes were 3.5 mϫ2.3 m. The distance between the quantum wells and the air-hole bottom was measured to be 3ϳ4 ͑corresponding to 6ϳ8 pairs of /4 layers in the top AlGaAs DBR͒. In our device, the implant aperture and the annular electrode were fabricated to be slightly nonconcentric. As a result, the carrier distribution would also have been nonuniform.
The experimental results for the devices with horizontally elongated air holes ͑meaning that they elongated along the x direction in the plane of the VCSEL͒ are shown in Figs. 5͑a͒-5͑d͒. The polarization state is fixed, with a polarization extinction ratio ͑PER͒ of greater than 25 dB, and does not show switching behavior. However, the polarization direction turns out to be randomly oriented along either the x or y axis for each device, as shown in Figs. 5͑b͒ and 5͑c͒. In fact, the current profile is almost identical to the electroluminescent emission profile below threshold. The spatial gain profile can be estimated from the near-field images; hence, we measured the near-field images and classified them according to polarization direction. For the x-polarized devices, the image of the mode is bright in the center of the PC ͓see inset of 5͑b͔͒ , whereas, for the y-polarized devices, the bright part is located slightly up or down from the center ͓see inset of Fig 5͑c͔͒. The PER for the device in Fig. 5͑c͒ was measured to be 24 dB, as shown in Fig. 5͑d͒ . The stable polarization of these devices can be attributed to the asymmetric current injection that differentiates two polarization modes by modal gain.
In the same manner, the polarization of the PC-VCSEL with vertically elongated air holes ͑meaning that they elongated along the y direction in the plane of the VCSEL͒ was determined by the position at which the current profile was concentrated. Devices showing a horizontally extended near field pattern ͓Fig. 6͑a͔͒ resulted in x polarization, whereas devices showing a vertically elongated near-field pattern ͓Fig. 6͑b͔͒ showed y polarization. In this case, the centralization of the current profile leads to unstable polarizations, which is different from the PC-VCSEL with horizontally elongated air holes. However, on average, the PER of the PC-VCSELs with vertically elongated air holes is 25 dB, which is slightly greater than the value of 22 dB obtained for devices with horizontally elongated air holes. The maximum PER was up to 29 dB for the PC-VCSEL with vertically elongated air holes.
It is also noteworthy that the spectral behaviors of the PC-VCSELs with elliptical air holes confirm single fundamental mode lasing with a side mode suppression ratio of greater than 30 dB. The higher-order transverse modes, which overlap more with the etched air holes, are discouraged because of the degraded reflectivity of the etched DBR region.
In summary, we have demonstrated that polarization control can be achieved in a PC-VCSEL by using elliptical air holes and asymmetric current injection. The fact that this PC-VCSEL operates in a stable single transverse mode supports the usefulness of our approach. 
